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ABSTRACT

This paper presents a complete formulation of the heat
balance method h~ a form that is suited to calculating cooling
loads. The method was developed under ASHflAE research
project RP-SZS, sponsored by TC 4o 1. The modeling assump-
tions inherent in the heat balance method are presented, and a
general model capable of representhzg the features of diverse
building spaces is developed as the basis for the method. The
mathematical foundation of the method is presented along
with a pseudo-code description of the solution technique.
Examples showing the use o,[ the method are included.

INTRODUCTION

ASHRAE TC 4.1 is sponsoring a research project entitled
"Advanced Methods for Calculating Peak Cooling Loads" (RP-
875)° This project began on August 1, 1995, and was to continue
for 20 months. In the work statement that led to the establishment
of that project, the committee states: "The current Handbook of
Fundamentals Chapter 26 includes discussion of four cooling
load methodologies (heat balance, weighting factors, CLTD/
CLF, and TETD/TA), which is confusing to Handbook users and
is undesirable. The heat balance method is the most scientifically
rigorous method. The description of this method in the Hand-
book will be expanded to fully document the procedure."

The heat balance procedure is not new. Many energy calcu-
lation pro~ams have used it in one form or another for many
years. The first implementation that incorporated all the
elements that form a complete method was NBSLD (Kusuda
1967). The heat balance procedure is also implemented in both
the BLAST and TARP energy analysis programs (Walton
1983). Unfortunately, the method has never been described
completely or in a form that is applicable to cooling load calcu-
lations, This paper outlines the basics of the heat balance method
and discusses the translation of the method into a load calcula-
tion procedure.

Why Is a Change Needed?

The three methods for calculating cooling loads presented
in some detail in the 199.3 ASHRAE Handbook-- Fundamentals
(ASHRAE 1993) all spring from a basic heat balance model, but
along the way from the initial model to the final procedure, many
simplifying assumptions are made and the basic processes are
essentially lost. The user ends up dealing with a "black box"
concept such as CLTD instead of more traditionally fundamen-
tal concepts such as surface temperatures, heat transfer coeffi-
cients, and heat fluxes° In that regard, the procedures are severely
out of step with the rest of Fundamentals.

Further, the methods are not consistent within themselves.
Consider the simple example given in chapter 26 of the 1993
ASHRAE Handbook-- Fundamentals, shown in Figure 1. This
shows the sensible cooling load calculated with the three meth-
ods. There is clearly a significant difference among them, but
since the fundamental processes are completely hidden by each
procedure, it is impossible to say which one is conservative and
which one, if any, is risky. While the differences shown in Figure
1 are significant, it is important to note what happens if the
instantaneous convective heat gains for all three methods at hour
17 are subtracted from the total. These loads are identical for all
three methods and are about 23.6 kWo If this total, which does not
enter into the procedures and is the same for all methods, is
subtracted from the sensible cooling load, the loads due to proce-
dure alone vary by up to 70%. It should be noted that the lighting

load for the example is very high and pr.obably does not reflect
current lighting load practice°

In addition to the obvious problems shown by the example,
the procedures lack the capability for easily determining the
effect of making a simple change, such as building orientation or
even latitude, to say nothing of a more complex change, such as
window type or wall construction.
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Sensible Cooling Load Comparison
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Sensible cooling loads from Chapter 26 of ASHRAE Fundamentals.
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What Is a Cooling Load?

When a heating, ventilating, and air-conditioning (HVAC)
system is operating, the rate at which it is removing heat from a
space is the instantaneous heat extraction rate for’ that space at
that time. The concept of a design cooling load derives from the
need to determine an HVAC system size that under extreme
conditions will provide a specified condition within the zone
served. Usually the indoor boundary condition associated with a
cooling load calculation is a constant interior dry-bulb tempera-
ture, but it could be a more complex function such as a thermal
comfort condition. What constitutes extreme conditions can be
interpreted in many ways but generally for an office would be
assumed to be a clear sunlit day with high outdoor’ wet-bulb and
dry-bulb temperatures, a high office occupancy, and a corre..
spondingly high use of equipment and lights. Immediately it is
apparent that even the boundary conditions for a cooling load
determination are subjective and require engineering judgment.
For example, they might not involve constant indoor tempera-
ture conditions but could occur in the rooming following a night
time "setback" condition~ After the design boundary conditions
are agreed upon, the design cooling load represents the maxi-
mum or peak heat extraction rate under the chosen design bound-
ary conditions.

DESCRIPTION OF THE HEAT BALANCE MODEL

All calculation procedures involve sorne kind of model. All
models are approximate. The amount of detail involved in a
model depends very much upon the purpose of the model This
is the reality of modeling: one chooses models that describe the
variables and parameters that are significant to the problem at
hand. The challenge is to make sure that no significant aspects of
the process or device being modeled are excluded and at the
same time avoid unnecessary detail. While different levels of

model detail are useful for specific purposes, there is reasonably
good agreement among building physics researchers and prac-
titioners that certain modeling simplifications are reasonable and
appropriate. The most fundamental of these is that the air in the
thermal zone can be modeled as well-stirred. This means it has
a uniform temperature throughout the zone because it mixes by
motion within itself. Some current research (ASHRAE RP-664)
is concerned with determining the limits to this condition, but so
far it appears that the modeling assumption is quite valid over a
wide range of conditions. The truth of the matter is that the next
step in complexity is a huge one that would require an enormous
increase in computational effort to rnodel a zone. Thus, the well
stirred model becomes the basis for’ most discussions of room
heat transfer.

The next major assumption is that the surfaces of the room
(walls, windows, floor, etc.) can be treated as entities having

o uniform surface temperatures,
¯ uniform long- and shortwave irradiation,
o diffuse radiating surfaces, and
o one-dimensional heat conduction within.

With those as a basis, it is possible to formulate fundamental
models for the various heat transfer and thermodynamic pro-
cesses that occur. The resulting fon-nulation is called the "heat
balance model" and is described component by component in
the following sections. It is important to note that the forego-
ing assumptions, although cornmon, are quite restrictive and
set certain limits on the information that can be obtained from
the model.

Elements of the Heat Balance Model

Within the framework of the assumptions outlined in the
preceding paragraphs, the heat balance model can be viewed as
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Figure 2 Schematic of heat balance processes in a zone.

four distinct processes: the outside face heat balance, the wall
conduction process, the inside face heat balance, and the air heat

balance. The relationships between these processes are shown

schematically in Figure 2.

Figure 2 shows the heat balance process in detail for a single

opaque surface. The top part of the figure enclosed by the dashed
line is repeated for each of the surfaces enclosing the zone. This

is indicated at the right of the figure. The process for transparent

surfaces would be similar to that shown but would not have the

absorbed solar component at the outside surface. Instead, it

would appear in the conduction process block. This absorbed
component splits into two parts: an inward-flowing fraction and

an outward-flowing fraction. These components would partici-

pate in the surface heat balances. The transparent surfaces

would, of course, provide the transmitted solar energy that is
shown in the inside heat balance above.

The arrows indicate schematically where there is an
exchange by having points on both ends and where the interac-
tion is one way only by having a point only on one end. The four
major processes are shown as rounded blocks in the figure. Each

of these processes is described in the paragaphs that follow.

Outside Surface Heat Balance

The heat balance on the outside face of each surface is

q~.~ol + q’~wl¢ + q’~o,,v - q’£.o = 0

where

q~o = conduction flux into the wall, (q/A)

(1)
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q~sot = absorbed direct and diffuse solar radiation flux,
q"cwR= net longwave radiation flux exchange with the air

and surroundings, and
q~o,,v = convective exchange flux with outside air.

All terms are positive for net flux to the face except the con-
duction term, which is traditionally taken to be positive in the
direction from outside to inside of the walt.

Each of the heat flux terms in Equation 1 has been modeled
in several ways, and in some fo~nulations the first three terms
are combined by using an equivalent temperature called the "sol-
air temperature." The models for the outside heat transfer are
covered in detail in a companion paper (McClellan 1997).

Wail Conduction Process

There are probably more ways to formulate the wall
conduction process than any of the other processes. As a result,
it is the topic that has received the most attention over the years.
Among the possible ways to model this process are

o numerical finite difference,
¯ numerical finite element,
o transform methods, and
° time series methods.

This process introduces part of the time dependence inherent
in the load calculation process. It is shown schematically in
Figure 3, which shows surface temperatures on the inside and
outside faces of the wall element and corresponding conduc-
tive heat fluxes away fl’om the outside face and to the inside
face. All four of the quantities are functions of time. The direct
formulation of the process has the two temperature functions
as input or known quantities and the two heat fluxes as outputs
or resultant quantities.

In some formulations the surface heat transfer coefficients
are included as part of the wall element. Then the temperatures
in question are the inside and outside air temperatures. This is not
an acceptable formulation since it hides the heat transfer coeffi-

ko

Wall
El em ent

~ q
ki

Figure 3 Schematic of wall conduction process.

cients and prohibits changing them as airflow conditions change,
and it also prohibits treating the internal longwave radiation
exchange appropriately.

Since the heat balances on both sides of the element incor-
porate both the temperature and heat flux, the solution technique
must be able to deal with this simultaneous condition° From a
computational standpoint, two methods that have been used
widely are a finite difference procedure and a time series method
using conduction u’ansfer functions. Because of the computa-
tional time advantage, the conduction transfer function formu-
lation has been selected for the heat balance procedure presented
here.

internal Heat Balance

The heart of the heat balance method is the internal heat
balance involving the inside faces of the zone surfaces. This heat
balance has many heat transfer components, and they are all
coupled. Both longwave (LW) and shortwave (SW) radiation
are important, as well as wall conduction and convection to the
air.

The inside face heat balance for’ each surface can be written
as follows:

q’~wz + q"sw + q"tws + q;, + q;ot + q’£o,,v = 0

where

q~wx = net longwave radiant exchange flux between zone
surfaces,

net shortwave radiation flux to surface from lights,

longwave radiation flux from equipment in zone,

conduction flux through the wall,

transmitted solar’ radiation flux absorbed at surface,
and

convective heat flux to zone air’.

q"sw =
q"L WS=
q"ki =
q]~o z =

(2)

Each of these terms will be discussed briefly in the following
paragraphs and will be described in more detail in a compan-
ion paper’ (Liesen 1997)~

Longwave Radiation Exchange Among Zone Surfaces
There are two limiting cases for internal LW radiation exchange
that are easily modeled.
1. The zone air is completely transparent to LW radiation.
2. The zone air completely absorbs LW radiation from the

surfaces within the zone.
Most heat balance formulations treat air as completely transpar-
ent. Then it does not participate in the LW radiation exchange
among the surfaces in the zone. The other limiting case of
completely absorbing air has been used for load calculations
and also in some energy analysis calculations. This second
model is attractive because it can be formulated simply using a
combined radiant and convective heat transfer’ coefficient fi’om
each surface to the zone air’ and thereby decouples the radiant
exchange among surfaces in the zone. Because of this it is
generally considered to be inferior to the first rnodel.
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Furniture in a zone has the effect of increasing the amount
of surface area that can participate in the radiant and convective
heat exchanges. It also adds thermal mass to the zone. These two
changes affect the time response of the zone cooling load in
opposite ways--the added area tends to shorten the response
time, while the added mass tends to lengthen the response time.

The proper modeling of furniture needs further research, but
a heat balance formulation at least allows the effect to be
modeled in a realistic manner by including the furniture surface
area and thermal mass in the radiant and convective heat
exchange process.

Longwave Radiation from Internal Sources The tradi-
tional tnodel for this source defines a radiative/convective split
for the heat introduced into a zone from equipment. The radiative
part is then distributed over the surfaces within the zone in some
prescribed manner. This, of course, is not a completely realistic
model and it departs from the heat balance principles. If it were
handled in a true heat balance model, the equipment surfaces
would be treated .just as other LW radiant sources within the
zone. However, since information about the surface temperature
of equipment is rarely known, it is reasonable to keep the radia-
tive/convective split concept even though it ignores the true
nature of the radiant exchange. It should be noted that TC 4.1 has
initiated a research prqject to determine radiative/convective
splits for many additional equipment types. This will tend to
institutionalize the radiative/convective split model further,
although the research will address the exchange problem in a
limited way.

Shortwave Radiation from Lights The short wavelength
radiation from lights is usually assumed to be distributed over the
surfaces in the zone in some prescribed manner. The new proce-
dure will retain this approach but will allow the distribution func-
tion to be changed.

Transmitted Solar Energy ASHRAE TC 4.5, Fenestra-
tion, is currently revising the calculation procedure for determin-
ing transmitted soIar energy. They are proposing to use the solar
heat gain coefficient (SHGC) directly rather than relate it to that
for a double-strength glass as is done when using the shading
coefficient (SC). This approach was described by Wright (1995).
The problem with this plan is that the SHGC includes both the
transmitted solar energy and the inward-flowing fraction of the
solar radiation absorbed in the window. In keeping with the heat
balance formulation, this latter part should be added to the
conduction component so that it can be included in the inside
surface heat balance°

Transmitted solar radiation is also distributed over the
surfaces in the zone in a prescribed manner. It would be possible
to calculate the actual position of beam solar radiation, but that
would involve partial surface irradiation, which is inconsistent
with the rest of the zone model that assumes uniform conditions
over an entire surface.

The current cooling load procedures incorporate a set of
prescribed distributions. Since the heat balance approach can
deal with any distribution function, the sensitivity of the load to
this function can be investigated, and principles for selecting

logical distributions under different conditions can be devel-
oped.

Convection to Zone Air The inside convection coefficients
presented in ASHRAE Fundamentals and used in most load
calculation procedures and energy programs are based on very
old natural convection experiments and do not accurately
describe the heat transfer coefficients that are present in a
mechanically ventilated zone. In the current load calculation
procedures, these coefficients are buried in the procedures and
cannot be changed. A heat balance formulation keeps them as
working parameters. In this way, new research results such as
those from RP-664 can be incorporated into the procedures. It
will also permit one to determine the sensitivity of the load calcu-
lation to these parameters.

Air Heat Balance

In heat balance formulations aimed at determining cooling
loads, the capacitance of the air in the zone is neglected and the
air heat balance is done as a quasi-steady balance in each time
period. There are four contributors to the air heat balance. They
are convection from the zone surfaces, convective parts of inter-
nal loads, infiltration and ventilation, and the HVAC system air:

qconv + qce + qlv + q~ys = 0 (3)

where

qcE

q~v

= convection heat transfer from the surfaces,

= convective part of internal loads,

= sensible load due to infiltration and ventilation air,
and

qsys = heat transfer to/from the HVAC system.

qconv, the convection from zone surfaces, is the sum of all the
convective heat transfer quantities from the inside surface heat
balance. This comes to the air via the convective heat transfer
coefficient on the surfaces.

qCE, the convective parts of internal loads, is the companion
to the radiant contribution from internal loads described previ-
ously. It is added directly into the air heat balance. Such a treat-
ment also violates the tenets of the heat balance approach since
surfaces producing the internal loads exchange heat with the
zone air through normal convective processes. However, once
again, the details required to include this level of detail into the
heat balance m’e generally not available, so including it into the
air heat balance directly is a reasonable approach.

In keeping with the well-stirred model for the zone air, any
air that enters by way of ventilation or infiltration, q~v, is imme-
diately mixed with the zone air. The determination of the amount
of infiltration air is quite complicated and subject to significant
uncertainty. Sometimes it is related to the indoor-outdoor
temperature difference and wind speed; however it is deter-
mined, it is added directly to the air heat balance.

The conditioned air that enters the zone from the HVAC
system and provides q.~.s is also mixed directly with the zone
This is consistent with the well-stirred model.
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THE GENERAL ZONE FOR LOAD CALCULATION

The heat balance procedure as described has been applied to
energy calculation programs, which also have the capability to
do load calculations but frequently are perceived to be too
cumbersome to be used for that purpose. Thus there is a need for
a framework that is tailored to a single thermal zone. The defi-
nition of a thermal zone is sometimes confusing but, in a way, the
heat balance model helps to define it. Recall that one of the basic
assumptions is that the air is well stirred, that is, at a uniform
temperature. So, the test for determining what part of a building
can be called a thermal zone comes down to how the temperature
is going to be controlled. If air is being circulated through an
entire building or an entire floor in such a way that it is reasonable
to consider it well stirred, then the entire building or floor could
be a thermal zone. On the other hand, if there are different control
schemes for each room, then it may be necessax2¢ to consider
each room as a separate thermal zone. The framework needs to
be flexible enough to accommodate any zone arrangement, but
the heat balance aspect of the procedure also requires that a
complete zone be described. Accordingly, a generalized 12-
surface zone is used as a basis to present the method. This zone
consists of four walls, a roof or ceiling, a floor, and a thermal
mass surface as shown in Figure 4. Each of the walls and the roof
can include a window (or skylight, in the case of the roof). This
makes a total of 12 surfaces, any of which may have zero area if
it is not present in the zone to be modeled.

The heat balance processes for this general zone are fon-nu-
lated for a 24-hour steady periodic condition. The variables of
the problem are the inside and outside face temperatures of the
12 surfaces plus either the HVAC system energy required to
maintain a specified air temperature or the air temperature, if the
system capacity is specified, for each of the 24 hours. This makes
a total of 25 x 24 or 600 variableso While it would be possible
to set up the problem for a simultaneous solution of these vari-
ables, the relatively weak coupling of the problem from one hour
to the next permits a double iterative approach, which incorpo-
rates an iteration through all the surfaces in each hour and then
an iteration through the 24 hours of the day~ This automatically

~Roof and Skylight

Back Wall and Window

Floor

Front Wall/Window
and lhermal Mass
are not shown

Figure 4 Schematic view of general heat balance zone.

reconciles the nonlinear aspects of the surface radiative
exchange and the other heat flux terms.

The heat balance procedure based on this generalized zone
is described mathematically in the next section.

MATHEMATICAL DESCRIPTION OF
THE HEAT BALANCE PROCEDURE

Conduction Process

Because it links tbe outside and inside heat balances, the
wall conduction process plays a key role in the overall heat
balance procedure. It is the process that regulates the time depen-
dence of the cooling load. For the heat balance procedure
presented here, the wall conduction process will be formulated
using conduction transfer functions (CTF). These relate conduc-
tive heat fluxes to the current and past surface temperatures and
the past heat fluxes. The general form is

nz nq

+ roTo +)~YjTo, t-jS+

for" the inside heat flux and

(4)

q~o(t) = - roTi, t-j~= l l~Ti, t-j~

(5)
nz nq

+ XoTo,, +j~=, XjTo, t-j~ +j~__, dPjq"ko, t-jr

for the outside heat flux where

Xj = outside CTF, j = 0, 1 .... nz (also called a),

Yj = cross CTU, j = 0, 1 .... nz (also called b),

Zj = inside CTF, j = 0, 1 .... nz (also called c),

(I)j = flux CTF, j = 1, 2 .... nq (also called d),

~ = inside face temperature,

To = outside face temperature,

q~o = conductive heat flux on outside face,

q~i = conductive heat flux on inside face.

The subscript following the comma indicates the time period
for the quantity in terms of the time step 6. The first terms in
the series have been separated from the rest in order to facili-
tate solving for the current temperature in the solution scheme.

The two summation limits, nz and nq, are dependent on the
wall constmctiou and somewhat dependent ors the scheme used
for calculating the CTFs. If nq = 0, the CTFs are generally
referred to as response factors, but then theoretically nz is infi-
nite. The values for nz and nq are generally set to minimize the
amount of computation. A development of CTFs can be found in
Hittle (1979).
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The Heat Balance Equations

The primary variables in the heat balance for the general
zone are the 12 inside face temperatures and the 12 outside face
temperatures at each of the 24 hours° We will assign the first
subscript, i, as the surface index and the second subscript,j, as the
hour index, or, in the case of CTFs, the sequence index° Then, the
primary variables are:
Tsol.j = outside face temperature, i= 1, 2 ....

12;j= 1, 2 .... 24
Tsii.j = inside face temperature, i = 1, 2 ....

12;j = 1, 2 .... 24.

In addition, we have the variable qs~,sj= cooling load,j = 1, 2 ...
24.

Equations 1 and 5 are combined and solved for Tso to produce
12 equations applicable in each time step:

nz nz nq

+ qctsolij + qLWRij + TsiijYi, 0 + To hco
~ ~°"~-- (6)

Zi, 0 + h coijOi, j

where

outside air temperature,

outside convection coefficient, introduced by using
q"co,,v = hco(To- T,o) 

This equation shows the need for separating the first term of
the CTF series, Zi,o, since in that way the contribution of the
current surface temperature to the conduction flux can be
collected with the other terms involving that temperature. A
companion paper ~cClellan 1997) presents alternative equa-
tions for the outside temperature, depending on the outside heat
trar~sfer model that is chosen.

Equations 2 and 4 are combined and solved for 7~i to
produce the next 12 equations:

T’;°~ ij Yi, ° + k= ~" 1 Zs°i’J-~’Yi’k-k~= lzsii’j-~’zi’k (7)

where

Ta = zone air temperature;

hci = convective heat transfer coefficient on the inside,
obtained from q’~o,,,,, = hci(Ta - Tsi)"

Note that in Equations 6 and 7, the opposite surface tempera-
ture at the current time appears on the right-hand side° The two
equations could be solved simultaneously to eliminate those
variables. Depending on the order of updating the other terms
in the equations, this can have a beneficial effect on the solu-
tion stability.

The remaining equation comes from the air heat balance,
Equation 3. This provides the cooling load, q.~,s, at each time
step:

12

qsysj ~" y~ Aihc, i(~s’ii, ) - Za)) + qCE + qlV" (8)
i=1

InEquation 8, the convective heat transfer term is expanded to
show the interconnection between the surface temperatures
and the cooling load.

Overall HB Iterative Solution Procedure

The iterative HB procedure is quite simple. It consists of a
seri6s of initial calculations that proceed sequentially followed
by a double iteration loop. This is shown in the procedure shown
below.

1. Initialize areas, properties, and face temperatures for all
surfaces, 24 hours.

2~ Calculate incident and transmitted solar flux for all
surfaces and hours.

3. Distribute transmitted solar energy to all inside faces, 24
hours.

4. Calculate internal load quantities for all 24 hours

5. Distribute LW, SW, and convective energy from inter-
nal loads to all surfaces for all hours.

6. Calculate infiltration and ventilation loads for all hours.

7o Iterate the heat balance according to the following
scheme:

For Day= 1 to Maxdays

Forj =1 to24 {hours in the day}

For Surfacelter=l to Maxlter

For i=l to 12 {The twelve zone surfaces}
Evaluate Equations 6 and 7.

Next i

Next Surfacelter

Evaluate Equation 8.

Next j

If not converged, Next Day

8. Display Results

It has been found that four or six surface iterations are gener-
ally sufficient to provide convergence. The solution of Equations
6 and 7 may present convergence problems under some circum-
stances. If so, it may be necessary to use an under-relaxation
coefficient when updating Equation 7 or change the algorithm to
provide a simultaneous solution of the two equations. Also, the
form of the longwave radiant exchange flux can significantly
affect the stability. A companion paper (Liesen 1997) examines
several different ways to calculate that term and presents some
insights on their effect on the solution.

The convergence check on the day iteration should be based
on the difference between the inside and the outside conductive
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heat flux terms, q~. A limit, such as requMng the difference
between all inside and outside flux terms to be less than 1% of
either flux, seems to work well.

INPUTS REQUIRED FOR HEAT
BALANCE PROCEDURE

Previous methods for calculating cooling loads have
attempted to simplify the procedure by precalculating cases and
grouping the results with various correlating parameters. This
generally tended to reduce the amount of information required to
apply the procedure. In the case of the heat balance procedure, no
precalculations are made, and the procedure requires a fairly
complete description of the zone.

Global information

Because the procedure incorporates a solar’ calculation,
some global information is required. This includes latitude,
longitude, time zone, month, day of month, north axis of the
zone, and the zone height. Additionally, if the user wants to take
full advantage of the flexibility of the method to incorporate, for
example, variable outside heat transfer coefficients, it would be
necessary to specify such things as wind speed, wind direction,
and terrain roughness. These variables and others would almost
certainly be defaulted to some reasonable set of values, but the
flexibility remains.

Wall Information (Each Wall)

Since the walls are involved in three of the fundamental
processes (external and internal heat balance and wall conduc-
tion), each wall of the zone requires a fairly large set of variables.
They include

o facing angle with respect to building north,
o tilt (degrees from horizontal),
o area,
o solar absorptivity outside,
° longwave emissivity outside,
o shortwave absorptivity inside,
o longwave emissivity inside,
o exterior boundary temperature code,
o external roughness, and
o layer-by-layer construction information.

Again, some of these can be defaulted, but they are change-
able and indicate the more fundamental character of the heat
balance method since these parameters are related to true heat
transfer’ processes.

Window information (Each Window) .............

The situation for windows is similar’ to that for walls, but the
windows require some additional information because of their
role in the solar load. The necessary parameters include

o area,
o normal solar’ transmissivity,

o normal SHGC,
¯ normal total absorptivity,
¯ longwave emissivity outside,
o longwave emissivity inside,
° surface-to-surface thermal conductance,
o reveal (for solar shading),
¯ overhang width (for solar shading), and
o distance from overhang to window (for solar shading).

It can be seen that considerable design flexibility is possible
for windows.

Roof and Floor Details

The roof and floor surfaces are specified similarly to walls.
The main difference is that the ground outside boundary condi-
tion will probably be specified more often for a floor.

Thermal Mass Surface Details

The general formulation includes an "extra" surface, which
is called a thermal mass surface, but it can serve several func-
tions. It is included in the radiant heat exchange with the other
surfaces in the space but is only exposed to the inside air convec-
tive boundary condition. As an example, one of the uses of this
surface would be to account for the movable partitions within a
space. The construction of the partitions is specified layer’ by
layer similarly to walls, and those layers store and release heat
via the same conduction mechanism as walls. As a general defi-
nition, the extra thermal mass surface should be sized to r’epre-
sent all of the surfaces within the space that are exposed to the air’
mass, except the walls, roof, floor’, and windows. In the fo~nu-
lation, both sides of the thermal mass participate in the exchange.

Internal Heat Gain Details

The space can be subjected to several internal heat sources.
They are people, lights, electrical equipment, and infiltration. In
the case of infiltration, the energy is assumed to go immediately
into the air heat balance, so it is the least complicated of the heat
gains. For the others, it is necessary to specify several parame-
ters. These include the following fi’actions:

the fraction of the heat gain that is sensible energy,
the fraction of the heat gain that is latent energy,
the fi’action of the energy that enters as short wavelength
radiation,
the fraction of the energy that enters as long wavelength
radiation,
the fraction of the energy that enters the air immediately
as convection,
the activity level of the people, and
the fi’action of the energy of the lighting heat gain that
goes directly to the return air.

Radiant Distribution Functions

As mentioned previously, the generally accepted assump-
tions for the heat balance method include specifying the distri-
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bution of radiant energy from several sources to the surfaces that
enclose the space. This requires a distribution function that spec-
ifies the fraction of the total radiant input that is absorbed by each
surface. The types of radiation that require distribution functions
are

o long wavelength radiation from equipment and lights,
¯ short wavelength radiation from lights, and

¯ transmitted solar radiation.

Other Required Information

Additional flexibility is included in the model so that results
of fundamental research can be incorporated easily. This
includes the capability to specify such things as

heat transfer coefficients/convection models,
solar coefficients, and

sky models.

The amount of information indicated in the preceding sections
may seem extensive, but in most routine applications of the
method, many of the parameters can be set to default values, ~eatly
reducing the amount of information required. However, all of the
parameters listed can be changed when necessary to fit unusual
circumstances or when additional information is obtained°

THE HANDBOOK EXAMPLE USING
HEAT BALANCE PROCEDURE

The heat balance procedure described in a previous section
has been implemented in both Fortran90 and Basic. Those
pro~ams have been used to calculate the example from
ASHRAE Fundamentals described previously. The results are
shown in Figure 5. The results using the other methods from
Figure 1 are shown for reference. Without extensive experimen-
tal verification, it is not possible to say that the heat balance result
is correct, but it does stand to reason that using the complete

’~.a30

Figure g ASHRAE Fundamentals example using heat
balance procedure.
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Figure6 Inside sutface temperatures for ASHRAE
Handbook example°

procedure that the other methods only approximate should
provide a better result.

The other advantage of using the complete heat balance
procedure is that additional useful information about the perfor-
mance of components is available, not just the final cooling toad.
For example, Figure 6 shows some of the inside surface temper-
atures for the walls and windows of the example. The high calcu-
lated temperatures indicate that additional insulation might be
appropriate for this building.

Another example shows the procedure being used to deter-
mine how changes to the building structure can affect the cooling
load. The results from modeling a simple zone are shown in
Figure 7. The zone was a southwest comer zone with windows
on the south and west walls. The zone originally was modeled
with a suspended ceiling in the roof by using a roof construction
consisting of a layer of concrete, an air space, and a layer of ceil-
ing tile. The properties of the layers are given in the table below.
Note that the thermal resistance of the air layer (E4) is specified
by the ratio of thickness to thermal conductivity (L/k).

The heat balance procedure was run with the three wall
layers as shown. Then it was rerun without the air layer (E4).
This would be equivalent to having the ceiling tile glued to the
bottom of the concrete. It was then run again with only the
concrete layer (C5). These runs are labeled Suspended Ceiling,
No Suspended Ceiling, and No SC No Tile, respectively, in the
legend. It is clear that the air space in the suspended ceiling has
some effect, but the more significant effect comes when the insu-
lation of the ceiling tile is not present. It would be easy to inves-
tigate the effect of reducing the radiant transfer across the air
layer resulting from changing the surface emissivities. This
would change the effective thermal resistance of the air layer.

CONCLUDING REMARKS

This paper has presented a complete formulation of a heat
balance procedure for determining cooling loads. The funda-
mental assumptions involved in the zone model have been
presented and their reasonableness discussed. Incorporating the
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Figure 7 Ceiling construction comparison.

heat balance procedure into the load calculation arena will
permit further advancements in the accurate calculation of loads
since the basic phenomena can be examined without the
confounding effects of an approximate procedure. The proce-
dure presented can be implernented easily in a procedural
language and requires only modest computer power. Execution
times are only a few seconds on the slowest of currently available
machines.

Layer
Code

C5

Density
kg/m3

2242.6

Specific
Heat (k J/
(~g.°c)

0.837

Thermal
Conduc-
tivity (W/
(m.°C)

1.730

Thickness
(m)

0.10149

E4 0.0 0.0 1.731 0.3048

E5 480.5 0.837 0.06058 0.01905

Since the U.S. Departments of Energy and Defense pres-
ently are involved in a project to merge the two public domain

energy analysis programs, DOE-2 and BLAST, into a single

progam based on the heat balance procedure outlined in this

paper, it is an appropriate time for the load calculation commu-
nity to adopt that procedure as well.
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